Abstract-In this paper, a design of new tri-band bandpass filter for the application of GSM (1.8 GHz), WiMAX (2.7 GHz) and UWB (3.3-4.8 GHz) is proposed. The first two narrow passbands are created, and the bandwidth of the third passband can be tuned by properly selecting the impedance ratio (R) and physical length ratio (u) of the asymmetric stepped-impedance resonator. To improve passband performance and form the UWB passband, a U-shape defected ground structure and extra extended coupling lines are integrated with the asymmetric SIR. Due to the three transmission zeros appearing near the passband edges, the band selectivity of the proposed filter is much improved. The filter was fabricated, and the measured results have a good agreement with the full-wave simulated ones.
INTRODUCTION
In recent years, multiple service technology is widely and aggressively developed, especially in the radio frequency devices of the wireless communication systems. To achieve the requirement in commercial products with multi-service, the circuit with high integration of multibands has become more significant. In the radio frequency (RF) front end, the bandpass filter (BPF) plays a key component for selecting the desired and high resolution signals. To design a multiband filter with multiple services is becoming an important issue and carried out in many literatures.
In topologies of filter design, substrate integrated waveguide (SIW), multi-mode ring resonators, stub loaded resonator (SLR) and stepped-impedance resonator (SIR) are widely used to realize the multi-band responses [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In [1] , the tri-band Chebyshev filter and dual-band quasi-elliptic filter with inverter coupling resonator were demonstrated with SIW technology. In [2] , a new modal orthogonality of SIW was used to realize a tri-band response with lowloss co-fired ceramic (LTCC) technology. All of the passbands within these two investigations were allocated closely since transmission lines with extremely high impedances could be easily performed as compared to the planar fabrication process. The transmission poles and transmission zeros are achieved by a multi-coupling path in the SIW structure. However, the multi-band filter with UWB response is hard to realize by SIW topology. In [3] , the ring-like SIR with embedded coupled open stubs resonators were realize two passbands individually and several transmission zeros aside the passband. In [4] , a pair of asymmetric SIRs with cross-coupled arrangement was proposed to achieve the dual-band characteristic with high passbands selectivity. In [5] , a folded SIR, modified by adding an inner quasi-lumped SIR stub, is used for a new implementation of dual-band filters. In [6] , a dual-band filter using open loop ring resonator and defected SIR was presented. In [7] , composite resonators consisting of three splitring resonators was proposed and designed for the tri-band filter. The coupling characteristic and extraction procedures were well discussed in this investigation. However, six resonators were employed to complete their final designs, causing a large circuit area. In [8] , a folded stub loaded resonator and defected ground structure resonator were first proposed for a tri-band bandpass filter. In [9] , a Differential Evolution (DE) with strategy adaptation was proposed for the design of tri-band filters. However, the multi-band filter with UWB response is not easily realized.
Many tri-band filters have been realized with the SIRs since their multi-modes property is very popular in realizing multi-band responses [10] [11] [12] [13] [14] [15] [16] [17] [18] . Stepped impedance resonator has high design freedom of selecting the length ratio (u) and impedance ratio (R) in the structure to achieve the desired frequencies. However, the typical SIR has a larger circuit size since it is constructed by two step discontinuities, which also generally results in larger insertion loss due to the radiation from the discontinuities. In [18] , a tripleband bandpass filter based on tri-section SIR was proposed to realize compact size with low return loss and wideband characteristic. However, the tri-section SIR also has low external quality factors and design complexity to simultaneously satisfy the requirement of the passbands. Moreover, the resonant behaviors of these two SIRs mentioned above are not as flexible as the asymmetric SIR with one step discontinuity. On the other hand, stepped impedance resonators can also be employed to achieve UWB responses by controlling the resonant frequencies in close and forming a strong coupling aside the resonators [19] . In [20] , the radial-UIR/SIR loaded stub resonators were presented for designing UWB filter with a good notched band characteristic. Moreover, the UBW filters were designed by the combination of wide passband and rejected notch-band formed by coupled resonators and DGSs [21] [22] [23] . In a previous study [24] , we designed a UWB filter by forming the tapped technique with the asymmetric SIR. However, most of the proposed studies only provide the dual-band, tri-band performances and UWB responses individually. The integration with dual-band and UWB characteristics is not proposed yet.
Therefore, we use the same asymmetric SIRs to achieve this challenge since the asymmetric SIR has been designed in succession for the multi-bands and ultra-wide band [24, 25] . Unlike the previous study, we achieve the dual-band and UWB responses with a normal coupling structure. In this paper, we propose a design of a new triband filter for two narrow passbands at Global System for Mobile Communications (GSM) of 1.8 GHz and Worldwide Interoperability for Microwave Access (WiMAX ) of 2.7 GHz and a wide passband at Ultra Wide Band (UWB) from 3.3 GHz to 4.8 GHz. The design guide is to integrate a dual-band filter with two narrow passbands and filters with a wide passband in succession. This paper is organized as follows. Section 2 characterizes the resonant behavior of the asymmetric resonator. The design graphs for determining the center frequencies of the asymmetric SIR are provided. Section 3 provides the design for dual-band characteristics. Section 4 provides the design for wide band characteristics. Section 5 presents the experimental data compared with the simulated results. Finally, Section 6 draws some brief conclusions. Figure 1 shows the configuration of the proposed filter which can be divided into the upper partition, bottom partition, a pair of feed resonators, and a pair of input/output (I/O) ports. The former consists of a pair of bended asymmetric SIRs and a U-shape DGS, used to form the UWB response, and the latter consists of a pair of asymmetric SIRs, used to form the GSM and WiMAX responses. The coupling scheme can be figured as Figure 2 . The passbands are generated by the direct coupling. Multipath between the input and output can be also observed, which may introduce transmission zeros near the passband response. This proposed tri-band filter was designed and fabricated on Duroid 5880 substrate with a thickness of 0.787 mm, a dielectric constant, ε r , of 2.2, and a loss tangent of 0.0009. As shown in Figure 3 (a), the structure of asymmetric SIR has only one discontinuity, with a high-impedance section (Z 1 ) and a lowimpedance (Z 2 ) [24] . It provides the higher external quality factor as compared to the conventional SIR with two discontinuities. To derive the resonant behavior, the input admittance Y in of the proposed asymmetric SIR can be analyzed by the transmission line theory. The ABCD matrix formed by two uniform transmission lines can be expressed as following:
DETERMINE THE RESONANCE BEHAVIORS OF ASYMMETRIC SIR
where the impedance ratio R is generally defined as R = Z 2 /Z 1 , and the 2θ 1 and 2θ 2 are the electrical lengths of the transmission lines with characteristic impedances Z 1 and Z 2 , respectively. Since the end of the higher impedance line is open circuited, the load impedance at the open end is equal to infinite (Z L = ∞). The input admittance Y in from the end of lower impedance can be regarded as [26] :
The resonant conditions of the asymmetric SIR occurs while Y in = 0, and it can be further expressed as:
In order to obtain more design freedom, the length ratio (u) of the asymmetric SIR is also set as a variable and adjusted to achieve the higher order resonant modes. The length ratio (u) is defined as:
By combining (4) into (3), it can be found that the resonant frequencies of the asymmetric SIR are dependent on length ratio u and impedance ratio R.
It is known that many possible solutions of (u, R) can satisfy the resonant requirement. Figure 3(b) shows the normalized resonant behavior of the fundamental and higher order resonant frequencies, with different length ratios u and impedance ratios R = 0.25, 0.45, 0.65. In order to achieve the passbands for GSM of 1.8 GHz and WiMAX of 2.7 GHz (here, f GSM /f WiMAX is equal to 1.5), the length ratio u can be explicitly determined as 0.65 for obtaining the dualband response when considering the asymmetric SIR with R = 0.25, as shown in point A of Figure 3 . Later, it is noted that in order to simplify the design, we use the same length ratio u and impedance ratio R of the asymmetric SIR for the design of UWB filter.
DESIGN OF THE DUAL-BAND CHARACTERISTICS
The specification of the proposed dual-band is set as the center frequency of f 1 = 1.8 GHz, and f 2 = 2.7 GHz, with fractional bandwidths ∆ 1 = 3.9% and ∆ 2 = 2.6%, respectively. Based on the design curve of Figure 3(b) , the filter structure of the first two narrow passbands, shown in Figure 4 
where M ij is the coupling coefficient of Figure 4(b) , the coupling coefficients and fractional bandwidths with different coupling spacings were calculated by a full-wave EM simulator [27] . Both of the coupling coefficients and fractional bandwidths for the first passband (1.8 GHz) and second passband (2.7 GHz) are as a function of the gap between the two bended asymmetric SIR 3 and SIR 4. It should be noted that the coupling coefficients between the resonator 1 and resonator 2 is very small as compared to SIR 3 and SIR 4, thus the coupling between the resonator 1 and resonator 2 would not affect the characteristics of two passbands as described in [25] . To satisfy the desired fractional bandwidths of the first two passbands, the coupling spacing can be well determined as choosing S 4 = 0.3 mm. Figure 5 shows the magnitude of S 21 of the two narrow band responses and the phase difference of transmission. It shows that the first passband and second passband are well centered at the desired frequencies of 1.8 GHz and 2.7 GHz with fractional bandwidths of 3.9% and 2.6%, respectively. The three transmission zeros of f z1 , f z2 and f z3 are located at 1.3 GHz, 2.1 GHz and 3.1 GHz. The first two transmission zeros f z1 and f z2 are a result of the mutli-path coupling effect, which can be easily verified by the phase difference of 180 • Figure 5 . The magnitude of S 21 of dual band response and the transmission phase difference. within different transmission paths [8] . The first transmission path is between the resonator 1 and resonator 2, and the second transmission path is the between resonator 3 and resonator 4. It should be noted that the slight inaccuracy of the phase difference of the f z2 is due to inter coupling within the bended asymmetric SIRs. The transmission zeros f z3 is introduced by the resonator 1 and resonator 2, that is, the resonator 1 and resonator 2 can be seen as an open stub structure while the electromagnetic energy are transmitted by the second transmission path. The introduction of three transmission zeros formed by multi path coupling improves the isolation between the three passbands. The coupling topologies formed by I/O ports, resonator 1, resonant 2 are not easy to achieve the UWB responses, which can be well investigated in the next section.
DESIGN OF THE UWB CHARACTERISTICS
The third passband of the proposed filter has an ultra-wide band response. It was reported that to form a UWB response, multi resonant modes shall be coupled together. However, it is hard to form the UWB response by only two resonant modes of the SIRs. Thus, the generation of other modes in the passband is required and important. The compensation technique is required under this case. As proposed in [28] , the enhancement of coupling strength formed by DGS was proposed. The DGS is arranged under the resonator 5 and 6 symmetrically to avoid the design complexes and reduction of the compensation. However, the DGS will affect the resonant modes of the asymmetric SIR, thus, the same length ratio u and impedance ratio R, as discussed above, are adapted for the design of ultra-wideband (UWB) response with center frequency near 4.4 GHz to simplify the design. We discuss the property of the DGS first. It was known the DGS under the coupling resonators can be seen as a parallel LC resonator [29] ; the capacitance and the inductance can be described as:
where w c is the cut-off frequency of the low-pass filter, Z 0 the scaled impedance level of the in/out terminated ports, and g 1 given by the element value of the prototype low-pass filter. The operating frequency of DGS can be lowered while the reactance is increased by generally increasing the area or the number of DGSs. The design guide of the proposed third band is to use a pair of asymmetric SIRs for the UWB response and a U-shape DGS formed under the asymmetric SIRs of resonators 5 and 6 to compensate the bandwidth and energy level, as shown in Figure 6 (a). Since the impedance ratio R and length ratio u are the same with the design of two other band responses, by shortening the practical length of the SIR 5 and SIR 6, the fundamental modes are firstly designed at 4.4 GHz and 4.65 GHz. However, under this arrangement, it is not easy to achieve the wideband response since two resonant modes are too close and results insufficient bandwidth. Thus, the 1/2λ g DGS with the center frequency of 4 GHz is designed, as shown in Figure 6 (a) [30] . As shown in Figure 6 (b), it can be seen that the two fundamental modes, f p1 and f p2 , can be adjusted by the (a) (b) Figure 6 . The UWB frequency response of the three types of the different structure arrangements. 
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U-shape DGS with the center frequency of 4 GHz. It is found that by lengthening the electrical length of resonator 1 and resonant 2, the first fundamental mode and the second fundamental mode can be further shifted from 4.4 GHz to 3.1 GHz and 4.65 GHz to 3.9 GHz, respectively. Moreover, by adjusting the coupling length of the resonator 1 and resonator 2, another two modes indicated as f p3 and f p4 are generated within the passband. Table 1 summarized the simulated comparison of the tuned length of L with respect to the poles location, bandwidth and max insertion loss. It is found that the extended coupling length of the resonator 1 and resonator 2 significantly affect the UWB characteristic. It is shown when the coupling line (L) are increased from 0 mm to 13.8 mm and with DGS, the extended coupling provides more electromagnetic level and improves the insertion loss about 14 dB, and thus the UWB response with low insertion loss and desired fractional bandwidth is obtained. Figure 7 shows the current distributions of the proposed filter operated at 1.8, 2.7, and 4 GHz, respectively. In plots, we can further verify that the electromagnetic waves are transmitted in the designed paths of the filter from port 1 to port 2. It is found in this study each passband can be implemented individually, and low insertion loss and good passband selectivity of the each passband can be also well achieved. 
EXPERIMENTAL RESULTS AND DISCUSSION
The above discussed filter is further tuned and optimized by using the full-wave electromagnetic simulation. Figure 8(a) . The measurement is performed by an Network Analyzer HP 8510C calibrated by the SOLT (Short-Open-Load-Thru) method.
As shown in Figure 8( |S 11 | greater than −15 dB, and a fractional bandwidth of 40% for UWB response. Moreover, it is clearly found that the transmission zeros are located at 1.4 GHz, 2.5 GHz and 2.9 GHz near the passband edges. The appearance of the transmission zeros much improves the selectivity of the proposed filter. Therefore, both isolation levels are around 25 dB between the three passbands. The group delay obtained by taking the derivative of the phase is shown in Figure 9 and varies between 3.7-4.2 ns at 1.8 GHz passband, between 4.6-4.9 ns at 2.7 GHz and between 0.65-1.25 ns at the 3.3-4.8 passband. The filter group delay is inversely proportional to filter bandwidth. In this design, the group delay of the UWB band in the proposed filter is good and satisfied, which is not affected by the other two narrow passbands. A slight mismatch between the simulated and measured results, especially for the second passband with 1.8% frequency shift, might be due to the fabrication errors or the variation of material properties. We compared the proposed filter with other reported tri-band filters [7, 15, 16] , as summarized in Table 2 . First, it is noted that our filter is the first triband design having two narrow bands and a UWB band. The insertion loss, band selectivity, as well as the circuit size are all comparative with other design.
CONCLUSIONS
A new tri-band bandpass filter using four asymmetric stepped impedance resonators (SIRs) and a U-shape DGS was proposed for the application of GSM (1.8 GHz), WiMAX (2.7 GHz) and UWB (3.3-4.8 GHz). Tri-band response is decided by suitably choosing the impedance ratio (R) and length ratio (u) of the asymmetric SIR and the arrangement of the coupling asymmetric SIRs with the U-shape DGS to satisfy required responses for two narrow bands and ultrawideband responses, with fractional bandwidths of 4%, 2.8% and 40%, respectively. Three transmission zeros are created near the passband edges, causing a high isolation of 25 dB between the passbands to improve the band selectivity. The measured results show a good agreement with simulation ones. The proposed filter demonstrating compact size, low insertion loss and good passband selectivity is verified.
